Unusual strength and directionality for the charge-transfer motif (established in solution) are shown to carry over into the solid state by the facile synthesis of a series of robust crystals of the [1:1] donor/acceptor complexes of carbon tetrabromide with the electron-rich halide anions (chloride, bromide, and iodide). X-ray crystallographic analyses identify the consistent formation of diamondoid networks, the dimensionality of which is dictated by the size of the tetraalkylammonium counterion. For the tetraethylammonium bromide/carbon tetrabromide dyad, the three-dimensional (diamondoid) network consists of donor (bromide) and acceptor (CBr4) nodes alternately populated to result in the effective annihilation of centers of symmetry in agreement with the sphaleroid structural subclass. Such inherently acentric networks exhibit intensive nonlinear optical properties in which the second harmonics generation in the extended charge-transfer system is augmented by the effective electronic (HOMO−LUMO) coupling between contiguous CBr4/halide centers.
Introduction
strong Coulombic forces, when the neutral guest molecules are substituted by counterions of the appropriate size and the diamondoid network itself has the opposite electrical charge. 21 To systematically develop the charge-transfer (CT) motif for the crystal engineering of stable diamondoid networks, we wish to now focus on the utilization of carbon tetrabromide (CBr4) as the simplest (tetrahedral) building element.
Indeed, this prototypical electron acceptor forms intermolecular complexes with one-dimensional donors, 24 the charge-transfer nature of which has been revealed in a series of physical-chemical studies. 25 Although the isolation of crystalline solids met significant difficulties due to the relatively low free energy of the complex formation, we earlier found stronger charge-transfer complexes of CBr4 using better electron donors, especially tertiary aliphatic amines. 26 On the basis of that study, Desiraju and co-workers attempted an assembly of crystalline diamondoid donor/acceptor networks using hexamethylenetetramine (HMT) as the tetrahedral donor core. 13a The resulting diamondoid (sphaleroid) network suffered from positional disorder between CBr4 and HMT (because of their similar size). A subsequent attempt to stabilize an extended tetrabromoadamantane/HMT network, using an excess of tetrahedral CBr4 to fill the cavities, resulted in a much weaker (and also disordered) donor/acceptor assembly. 13b Additionally, these systems lacked continuous electronic coupling (i.e., through-orbital interaction) within their diamondoid networks because of the nonconducting nature of aliphatic CH2-bridges in the HMT and (tetrabromo)adamantane units.
Our interest in electronically coupled 27 donor/acceptor diamondoid networks is based on the equimolar combination of the carbon tetrabromide acceptor with simple inorganic anionic donors, because the halide ions (chloride, bromide, and iodide) are known to form donor/acceptor complexes with CBr4. 28, 29 Importantly, the use of these electrically charged donor units provides us with four significant advantages: (a) the enhancement of the networkforming CT interactions, (b) the general structural stabilization due to formation of ionic "clathrate" networks where the appropriate packing density is additionally supported by Coulombic forces between "guest" cations and the embodying anionic "host" matrix, (c) the variable size of the countercation to allow a controlled adjustment of the packing density − the ready availability of a series of tetraalkylammonium ions (NR4 + ) of progressively different sizes (R = Me, Et, Pr, and Bu) being especially important, and (d) we believe the (Br3CBr···halide) association represents quite a feasible combination for continuous electronic coupling throughout the entire donor/acceptor network. Finally, we stress that such a diamondoid design with the alternate donor/acceptor synthons leads to highly desirable acentric structures, because of the polar "sphaleroid" symmetry, 14 and these are known to produce crystals with nonlinear optical properties. 12 
Results
Although there have been attempts to employ progressively weaker intermolecular interactions for the molecular crystal assembly of diamondoid networks, 3,4,6,10 such interactions must be sufficiently strong (and directional) to be dominant over other (offsetting) crystal packing forces. However, because of controversial estimates of the suitability of carbon tetrabromide for use in stable crystalline (3-D) donor/acceptor assemblies, 30 CBr4/Halide Complexes. When carbon tetrabromide (λmax = 225 nm, ε225 = 6.2 × 10 3 M -1 cm -1 ) was incrementally added to tetra-n-propylammonium bromide (λmax < 200 nm) in dichloromethane, a new, distinctive spectral band appeared and progressively grew at λmax = 292 nm as illustrated in Figure 1 . The application of Job's method 33 to the new absorbance at different molar ratios of CBr4/Br -confirmed the [1:1] stoichiometry of the electron donor/acceptor (EDA) association, 34 that is Similar spectral behavior was observed for carbon tetrabromide with chloride and iodide as the n-propylammonium salts (see Table 1 ). 35, 36 Figure 1 Spectral changes attendant upon the addition of tetrapropylammonium bromide to a 7.5 mM solution of carbon tetrabromide in dichloromethane at 22 °C. Concentration of Pr4N + Br - Essentially the same values of the formation constants were independently obtained using the Drago procedure. 33 The resulting values of KEDA in Table 1 Table 1 allow the effectiveness of the electronic coupling between the CBr4 acceptor and the halide donors to be quantitatively evaluated. 37, 40 Thus, in charge-transfer complexes, the Mulliken−Hush theory predicts the electronic coupling element (HDA) between the donor and acceptor moieties to be directly related to the spectral properties and the structure of the complex as where νCT, Δν1/2, and εCT are the energy of the spectral band, its full width at half-height (in eV), and the molar extinction coefficient (in M -1 cm -1 ), respectively. RDA is the spatial separation (Å) between the donor/acceptor centers, which we evaluated from the X-ray crystallographic results (vide infra). The sizable magnitudes of the values of HDA in the range 0.5−0.6 eV for the various CBr4/halide complexes in Table 1 are strongly indicative of the considerable orbital interaction (electronic coupling) that is extant in the CBr4/halide system. 41 Spectroscopic studies thus point to the binary association of CBr4 and either chloride, bromide, or iodide that is uniformly strong and appropriately accompanied by efficient electronic coupling and therefore suitable for the charge-transfer assembly of diamondoid (electronically coupled) networks. A variety of crystalline [1:1] complexes of the general formula [R4N + halide -,CBr4] can be easily and regularly prepared in different nonaqueous solutions by merely mixing equimolar amounts of the constituents. 28a,b The fact that such a highly heteropolar mixture of an (ionic) salt and neutral (uncharged) acceptor would so readily yield true charge-transfer complexes is by itself rather unusual, because it is much more common to experience their separate crystallization as a mixture of homosoric crystals. As a result, we could examine two series of charge-transfer crystals to monitor the structural changes arising from (a) the nature of the halide donor and (b) the size of the tetraalkylammonium counterion as follows. The significant change of the cell volume (by 13%) in proceeding from chloride to iodide is accommodated by the Et4N + counterions, which support the lacelike anionic diamondoid constructions from within their cavities. It is important to mention that these diamondoid structures of the sphaleroid structural class contain adamantane-like cavities of two different types, A4D6 and A6D4 (A = CBr4 and D = halide), where the "tetrahedral" and "octahedral" vertices are occupied by different components as is schematically illustrated in Chart 4. Generally speaking, the electrostatic potential within these two types of cavities is different, and they are structurally nonequivalent, the Et4N + ion being found only in the (CBr4)6(halide)4 cavity (see Figure 3) . 42 Simultaneously, the terminal ethyl arms of the countercation interpenetrate from four sides into the adjacent (CBr4)4(halide)6 cavities to effectively fill the void space.
II. X-ray
As a result, the (CBr4)4(halide)6cavities are occupied by quartets of the closely packed Me-groups making van der Waals contacts with each other. In the rather expanded iodide structure, the loose fitting of the Et4N + ions is characterized by rotational disorder.
Chart 4
All of the tetraethylammonium complexes crystallize in the space group of symmetry I-4 that reflects the predictable absence of inversion centers in such alternated donor/acceptor diamondoid networks (Figure 3) . 43 However, none of the charge-transfer crystals have an ideal (diamondoid) F-centered cubic symmetry. 44 The reason for the observed tetragonal distortions can be attributed to the shape of the tetraethylammonium cations, which are deprived of three-fold symmetry and thus cannot fit ideally into a cubic crystal arrangement. 45 Importantly, such tetragonal deviations from cubic symmetry are known to enhance nonlinear optical properties of some diamondoid inorganic structures. 12b Figure 4 The two-dimensional honeycombed donor/acceptor layer in the structure of [Bu4N + Br -,CBr4] as the result of fragmentation of the three-dimensional diamondoid network shown in Figure 2 . Note: the noncentrosymmetric structure is polarized across the mean plane.
B. Effect of Counterion Variation.
The variations in the size of the "supporting" tetraalkylammonium counterions were expected to modify, or even break, the diamondoid connectivity of the donor/acceptor moieties in the CBr4/halide networks. 46 Even if the precise outcome of this modification was difficult to predict, the experimentally obtained crystal structures could be rationalized remarkably well for those derived from the charge-transfer complex [NMe4 + Br -,2CBr4] that precipitated from solution contained an additional molecular equivalent of CBr4 to maintain the diamondoid arrangement and (primitive) cell dimensions quite similar to that of its Et4N + analogue. 48 (ii) With a tetraalkylammonium ion of a larger size than Et4N + , a fragmentation of the pristine diamondoid network was likely to occur as a result of the internal (steric) obstacles. Remarkably, we found the structure of tetrabutylammonium derivative to result in a two-dimensional donor/acceptor grid (Figure 4 ) that continues to mimic the structure of the original diamondoid network. These fragments represent the exact replica of slices taken across three-fold "cubic" axes of the original diamondoid network (cf. Figure 2) , and they are separated by layers of tetrabutylammonium ions and acetone solvate (see Figure S1 in the Supporting Information).
Topologically, these grids are built of a number of trans-fused "cyclohexane" rings, in which each donor and acceptor unit has its coordination number reduced from 4 to 3. [These trans-fused layers are topologically similar to those found in the structure of rhombohedral black phosphorus as well as the common allotropes of As, Sb, and Bi.] The (CBr···Br -) distances of 3.252−3.282 Å are slightly longer than those in the corresponding diamondoid network.
Importantly, the uncoordinated C−Br bonds of the CBr4 acceptor and the "unused" electron pairs of bromide ions are oriented in mutually opposite directions. These result in the polarization of such noncentrosymmetric layers in the direction perpendicular to their planes and lead to the acentric symmetry of the entire crystal (space group of symmetry P21).
( Figure 5 . Figure 5 The two-dimensional folded donor/acceptor layer in the structure of [Pr4N + Br -,CBr4] as the product of the rearrangement of the two-dimensional "diamondoid" layer in Figure 4 . Note: the noncentrosymmetric structure is polarized along the mean plane.
The grid is also built of a number of "cyclohexane" units with the rings trans-and cis-fused in two mutually orthogonal directions. This results in a more folded shape of the layers, but with the coordination geometry of CBr4 and bromide remaining exactly the same as those in the related Bu4N + structure. [These folded two-dimensional layers topologically relate to those found in the structure of orthorhombic black phosphorus.] The (CBr···Br -) distances show a somewhat larger variation that lies within the range of 3.19−3.31 Å. The folded layers are also deprived of inversion centers, but they are polarized along their mean planes. The alternation of the layers of opposite polarity along the crystal results in its overall centric symmetry (see Figure S2 in the Supporting Information).
(iv) The (tetrahedral) coordination geometry of both the donor (halide) and the acceptor (CBr4) components remains very conservative in all of the charge-transfer complexes, and they always attain the maximum possible coordination number. These structural features persist even in the presence of other dominant intermolecular forces such as the relatively strong hydrogen bonds N + −H···Br (H···Br 2.65 Å) in the structure of the secondary ammonium complex Figure S3 in the Supporting Information). Despite this strongly perturbing structural factor, the coordination geometry and coordination numbers of the CBr4 and Br -units remain the same as those in the previous structures with Br···Br -distances of 3.260−3.375 Å and C−Br···Br -angles of 164.2−172.5°. However, some excessive angular distortions around bromide anions produce a new pattern for the donor/acceptor two-dimensional grids, which consist of the trans-cis-fused "cyclooctane" and "cyclobutane" rings ( Figure 6 ). The shapes of these rings permit inversion centers, and the entire structure is centrosymmetric. The strength and directionality of the intermolecular (Br3CBr···halide) interactions together are important prerequisites for use in supramolecular designs, and this donor/acceptor aggregation is persistent throughout all of the charge-transfer complexes examined in this study, resulting in quite similar structural patterns. Even in the case (reported earlier 29 ) in which severe steric hindrance was imposed by bulky (Ph4P + ) counterions, the charge-transfer (Br3CBr···Br -) association is the dominant feature of the crystal structure. 46 Furthermore, in the presence of the protonated amine (DBU−H + ) prone to the formation of strong (N + H···Br -) hydrogen bonds, the same charge-transfer association prevails (see Figure S3 in the Supporting Information). Indeed, such observations lead to our conclusion that the structure-forming capability of the (Br3CBr···halide) interactions is comparable to, or even greater than, that possessed by (regular) hydrogen bonds.
As a structurally simple and compact acceptor, carbon tetrabromide is an attractive core for the building of novel three-dimensional (crystal) structures akin to those constructed earlier with other types of tetrahedral building blocks. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] In particular, the use of various tetraalkylammonium halides as the electron-donor components bypasses the conventional problem usually encountered in dealing with the stability issue imposed by large (adamantaneshaped) internal cavities inherent to such diamondoid networks. 16 Most importantly, the incorporation of the tetraethylammonium cation leads to optimal support of the diamondoid network (Figure 2 ) of CBr4and halide by stabilizing the cavity void (Figure 3) . Cations of larger size fragment these networks into two-dimensional "slices" (Figures 4 and 5) , but the sizes of Pr4N + and Bu4N + are not yet significant to fill the separations between the resulting charge-transfer grids. As a result, the layers in the Pr4N + structure collapse toward each other to accept a crimped structure and induce short interlayer (Br···Br) contacts of 3.35 Å (see Figure S2 in the Supporting Information). In the largest Bu4N + structure, the undistorted diamondoid slices require the intercalation of both the cation as well as an additional (acetone) solvate. At the other extreme, the stabilization of the diamondoid core in the smallest Me4N + structure requires an additional equivalent of carbon tetrabromide for filling the voids.
In addition to the structural integrity of such electron donor/acceptor networks in crystal engineering, two other factors are critical to their transformation into useful materials. First, the symmetry factor refers to the absence of inversion centers for certain types of supramolecular (diamondoid) networks, because many useful properties arise from the crystal acentricity, especially for the second-order hyperpolarizability. 51 Second, the electronic factor refers to the effective communication between the nodes of the diamondoid nets. 52 Indeed, the charge-transfer complexes of carbon tetrabromide and alkylammonium halides satisfy (in measure) both of these rather stringent requirements by yielding robust charge-transfer crystals that (a) belong to the sphaleroid structural class deprived of inversion centers and (b) possess substantial electron coupling (HDA in Table 1 ) between donor/acceptor centers.
Summary and Conclusions
Carbon tetrabromide spontaneously forms a series of intermolecular complexes with electron-rich halide anions (chloride, bromide, and iodide) that are characterized by the unusual strength and directionality as well as large electronic (HOMO−LUMO) couplings of the halide donor and CBr4acceptor. Spectral (UV−vis) studies in solution establish the charge-transfer nature of the (CBr4/halide) interactions, and these combined with the tetrahedral shape of the acceptor lead to supramolecular (crystalline) assemblies of advanced 3-D (diamondoid) networks that are uniquely stabilized by the proper choice of tetraalkylammonium counterions to fill the adamantanoid cavities. Most importantly, the alternate population of the diamondoid nodes, consisting of contiguous donor (halide) and acceptor (CBr4) units, effectively results in the annihilation of inversion centers of symmetry, in agreement with the sphaleroid structural subclass.
As we already cited, the sphaleroid structure of the subject complexes is closely related to the structure of inorganic binary compounds known for their nonlinear optical properties. 12 Indeed, there were already some deliberate attempts to utilize organic (diamondoid) networks for the SHG-active crystal designs, 9d and thus the charge-transfer nature of (CBr4,halide) complexes represents a factor potentially favorable for high second-order hyperpolarizability. 27 show all of these diamondoid charge-transfer associates to possess unusual nonlinear optical properties; the intensity of SHG was found to be qualitatively comparable to that of the best inorganic (LiNbO3) or organic (urea) materials. 56 We are open to extensive collaborative studies that will provide further quantitative validation and thus lead to new designs of acentric diamondoid networks.
Experimental Section
Materials. Carbon tetrabromide, tetraethylammonium chloride, bromide, and iodide, tetrapropylammonium chloride, bromide, and iodide, tetrabutylammonium bromide, and 1-aza-8-azoniabicyclo(5.4.0)undec-7-ene bromide from Aldrich were used without further purification. Dichloromethane, acetone, and acetonitrile from Merck were purified according to standard laboratory procedures 57 and were stored in Schlenk flasks under an argon atmosphere. The incremental addition of alkylammonium halide salts to the CBr4 solution resulted in the appearance of new bands (see Figure 1 ) at 300 ± 50 nm. Because of the partial overlap of the new absorption bands with the tail of absorption of CBr4 (for the systems with bromide and especially chloride ions), the accurate spectral characteristics of these bands were obtained by digital subtractions of CBr4 spectrum from the spectra of CBr4/halide mixtures. [Carbon tetrabromide has an absorption band at λ max = 225 nm with εmax = 6.2 × 10 3 mol -1 cm -1 and a shoulder at λsh = 255 nm; tetrapropylammonium iodide has λ max = 245 nm with ε max = 1.7 × 10 4 mol -1 cm -1 ; tetrapropylammonium chloride and tetrapropylammonium bromide do not have any absorption maxima beyond 220 nm.] To determine the stoichiometry of the complexes formed, the stock solutions of the donor and acceptor with the same concentration (18 mM) were mixed in ratios varying from 10:1 to 1:10 (Job's method 33 ). The maximal absorption intensity of the new CT band was observed when the concentrations of the reagents were equal, indicating that CBr4forms 1:1 complexes with halide ions in solutions. 34 To determine formation constants KEDA and the molar absorption coefficients εCT of various [CBr4,halide] complexes, the stock solutions of the reagents were mixed so that the concentration of the acceptor (CBr4) was kept constant (5−10 mM) throughout a series of measurements, while the concentration of the donor (halide) was incrementally increased (from 10 to 1000 mM). The measured intensities of the CT bands were treated according to the Benesi−Hildebrand procedure in eq 2. 38 The plot of [CBr4]/ACT versus reciprocal concentration of added halide was linear, and the least-squares fit yielded a correlation coefficient of greater than 0.99. From the slope and the intercept, the values of K and εCT were obtained. These parameters were also obtained via the treatment of the CT absorption data with the Drago procedure from the intersection of the K -1 versus εCT dependencies plotted for several sets of initial concentrations of the reagents. 33 Thus, the K and εCT in Table 1 represent the average values obtained using both (Benesi−Hildebrand and Drago) methods from three to four series of measurements for each of the donor/acceptor dyads. n/a n/a n/a 0.01(1) n/a n/a a Regular twin, Friedel equivalents were averaged.
Measurements of the Charge-Transfer
Electrochemical Measurements. Cyclic voltammetry (CV) was performed on a BAS 100A Electrochemical Analyzer.
The measurements were carried out in a 4 mM alkylammonium halide solution in dry dichloromethane with 0.1 M supporting electrolyte (NBu4 + PF6 -) under argon atmosphere. All cyclic voltammograms were measured at the same sweep rate of 100 mV s -1 with iR compensation. The working electrode consisted of an adjustable platinum disk with a surface area of ca. 1 mm 2 . The counterelectrode consisted of a platinum gauze that was separated from the working electrode by ca. 3 mm. The saturated calomel electrode (SCE) and its salt bridge were separated from the working electrode by a sintered glass frit. Because of the high reactivities of the halogen radicals, the reversible oxidation potentials of halide ions are not accessible. Instead, we have used irreversible anodic oxidation potentials, Epa, readily obtained from the cyclic voltammograms (Epa = 0.42, 0.96, and 1.37 V vs SCE for I -, Br -, and Cl -, respectively). 58 Although
these Epa values contain contributions from kinetic terms (E° = βEpa + const.), they provide the reliable relative values of oxidation potentials in a series of chemically similar donors (such as halide ions), 59 which can be used in various correlations.
Mulliken−Hush Calculations of the Electronic Coupling Element HAB. The electronic coupling element, HDA, representing the electronic (coupling) interaction between the donor and acceptor in the charge-transfer complex, was evaluated experimentally from the spectral data using the Mulliken−Hush methodology expressed in eq 3. 37, 40 The values of νCT and ΔνCT for the HDAcalculation were obtained by Gaussian deconvolution of the corresponding chargetransfer bands using Microcal Origin 6.0 program. The shortest distances between halide ions and bromine atoms in CBr4 determined from X-ray crystallographic data were used as the separation parameter RDA.
X-ray Crystallography. The single crystals of the complexes were readily obtained by slow evaporation of the corresponding saturated equimolar acetone solutions in the air. The intensity data for all of the compounds were collected with the aid of a Siemens/Bruker SMART diffractometer equipped with a 1K CCD detector using Mo
Kα radiation (λ = 0.71073 Å), at −150 °C. In all cases, the semiempirical absorption correction was applied. 60 The structures were solved by direct methods 61 and refined by a full matrix least-squares procedure 62 with IBM Pentium and SGI O2 computers (see Table 2 ). [The X-ray structure details of various compounds are on deposit and can be 
